The investigation of a dilute solution of phantom ideal ring polymers and ring polymers with excluded volume interactions (EVI) in a good solvent confined in a slit geometry of two parallel repulsive walls and in a solution of colloidal particles of big size was performed. Taking into account the correspondence between the field theoretical φ 4 O(n)-vector model in the limit n → 0 and the behaviour of long-flexible polymers in a good solvent, the correspondent depletion forces and the forces which exert phantom ideal ring polymers and ring polymers with EVI on the walls were obtained in the framework of the massive field theory approach at fixed space dimensions d =3 up to one-loop order. Besides, taking into account the Derjaguin approximation, the depletion forces between big colloidal particle and a wall and in the case of two big colloidal particles were calculated. The obtained results indicate that phantom ideal ring polymers and ring polymers with EVI due to the complexity of chain topology and for entropical reasons demonstrate a completely different behaviour in confined geometries compared with linear polymers.
between linear and ring topology [4, 5] . The physical effects arising from confinement and chain topology play a significant role in the shaping of individual chromosomes and in the process of their segregation, especially in the case of elongated bacterial cells [6] . The behaviour of linear ideal and real polymers with excluded volume interaction (EVI) in a good solvent confined in a slit of two parallel repulsive [7, 8] , inert or mixed walls is well understood [8] . Unfortunately, the physics of confined ideal ring polymers and ring polymers with EVI effects is still unclear. Ring polymers with specified knot type were chemically synthesized a long time ago [9] . Ring topology of polymers influences the statistical mechanical properties of these polymers, for example the scaling properties [10, 11] and shape [2, 12, 13] because it restrains the accessible phase space. An interesting point which was confirmed by numerical studies in [14] is that longer ring polymers are usually knotted with higher frequency and complexity. In [15] , it was established that ring polymers with more complex knots are more compact and have a smaller radius of gyration and this decreases their ability to spread out under confinement. The results of Monte Carlo simulations performed in [16] suggest that the knotted ring polymers will exert higher entropic forces on the walls of the confining slit than the unknotted or linear polymers. In [16] it was stated that the knotted ring polymers expanded as the width of the slit increased in contrast to the behaviour of unknotted (or linear) polymers whose size showed a plateau after a certain width of slit was reached. The entropic force exerted on the walls arising from confinement to a slit of a knotted ring polymer was calculated using a bead-spring model by Matthews et al. in [5] . It was found [5] that in the case of a narrow slit, more complex knot types in a ring polymer exert higher forces on the confining walls of the slit in comparison to unknotted polymers of the same length, and for the relatively wide slits, the opposite situation takes place. Confining ring polymer to a slab results in a loss of configurational entropy and leads to the appearance of a repulsive force which depends on the entanglements between two walls of the confining slab, as it was shown in the framework of a new numerical approach based on the generalized atmospheric sampling (GAS) algorithm for lattice knots in [17] . Thus, at the moment most of the papers devoted to the investigation of the behaviour of ring polymers compressed in confined geometries like slit or squeezed by a force in a slab of two parallel walls deal with numerical methods and present analytical results are incomplete. The above mentioned arguments stimulate us to apply one of the powerful analytical methods referred to as the massive field theory approach in a fixed space dimensions d < 4 (see [18, 19] ) for the investigation of ring polymers confined to a slit geometry of two parallel walls or immersed in a solution of big mesoscopic colloidal particles of different size. This method, as it was shown in the series of papers [8, 20, 21] , provides a good agreement with the experimental data and with the results of Monte Carlo simulations. We consider a dilute polymer solution, where different polymers do not overlap and the behaviour of such polymer solution can be described by a single polymer. As it is known, taking into account the polymer-magnet analogy developed by de Gennes [22, 23] , the scaling properties of long-flexible polymers in the limit of an infinite number of steps N may be derived from a formal n → 0 limit of the field theoretical φ 4 O(n)-vector model at its critical point. In this case, the 1/N value plays the role of a critical parameter analogous to the reduced critical temperature in magnetic systems. Besides, we assume that the surfaces of the confining slit are impenetrable. It means that the correspondent potential U (z) of the interaction between the monomers of a polymer chain and a wall tends to infinity U (z) → ∞ when the distancez between a wall and polymer is less than monomer size l . The deviation from the adsorp-
where T a is adsorption temperature) changes the sign at the transition between the adsorbed (the so-called normal transition, c < 0) and the nonadsorbed state (ordinary transition, c > 0) [24, 25] and it plays the role of a second critical parameter. The value c corresponds to the adsorption energy divided by k B T (or the surface enhancement in field theoretical treatment). The adsorption threshold for long-flexible polymers takes place, where 1/N → 0 and c → 0. As was mentioned by de Gennes [22, 23] , the partition function Z (x,x ) of a single polymer with two ends fixed atx andx is connected with the two-point correlation function G (2) 
where the number n of components tends to zero. The conjugate Laplace variable L 0 has the dimension of length squared and is proportional to the total number of monomers N which form the polymer. The effective Ginzburg-Landau-Wilson Hamiltonian describing the system in semi-infinite (i = 1) or confined geometry of two parallel walls (i = 1, 2) is [24] :
where the conjugate chemical potential µ 0 is the "bare mass" in field-theoretical treatment, v 0 is the "bare coupling constant" which characterizes the strength of EVI. In the case of slit geometry, the walls are located at the distance L one from another inz-direction in such way that the surface of the bottom wall is located atz = 0 and the surface of the upper wall is located atz = L. Each of the two surfaces is characterized by a certain surface enhancement c i 0 , where i = 1, 2. In the case when the ends of polymerx andx in partition function Z (x,x ; N , v 0 ) coincide, such partition function corresponds to the partition function of a phantom ring polymer, i.e., a ring polymer where we perform the summation over all possible knot structures. The fundamental two-point correlation function of the Gaussian theory corresponding to the effective Ginzburg-Landau-Wilson Hamiltonian (1) in a mixedp,z rep-
, where the free propagator
in the case of ring polymer with coinciding endsx =x = x can be obtained by analogy as it was done in [8] for linear polymer. It should be taken into account that we have ring polymer of length L 0 in a slit geometry of two parallel walls with fixed position of one monomer at point x = (r, z) by analogy as it was proposed in [25] for description of ring polymer adsorption. Such representation assumes that the respective correlation function for ring polymer depends on x = (r, z), e.g., on the position of some monomer which can be the first and the last monomer in the ring. Here, p,p are the values of parallel momentum associated with d − 1 translationally invariant directions in the system. The interaction between the polymer and the walls is implemented by the Dirichlet-Dirichlet
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boundary conditions (D-D b.c.) (see [7, 8, 24] 
We consider the dilute solution of phantom ideal ring polymers and ring polymers with EVI immersed in a slit geometry of two parallel repulsive walls and permit the exchange of polymer coils between the slit and the reservoir. The polymer solution in the slit is in equilibrium contact with an equivalent solution in the reservoir outside of the slit. We follow the thermodynamic description of the problem as it was given in [7, 8] and perform the calculation in the framework of the grand canonical ensemble where the chemical potential µ is fixed. As it was shown in [7] , the free energy of interaction between the walls in such a grand canonical ensemble is defined as the difference of the free energy of an ensemble where the separation of the walls is fixed at a finite distance L and where the walls are separated infinitely far from each other: 
Here, n p = N /V is the polymer density in the bulk solution, andẐ
(z) are equal to:
HS i (p = 0; z, z) with i = 1, 2 are correlation functions of the model equation (1) describing the system in a slit geometry of two parallel walls and in semi-infinite geometry, respectively (see [8, 20] 
x /2, and χ d is a universal numerical prefactor depending on the dimension d of the system (see [25] , [26] ) and R g is the radius of gyration), yields the universal scaling function for the depletion interaction potential Θ R (y) = δ f R /R x , where y = L/R x . The resulting scaling function for the depletion force between the two walls induced by the polymer solution is denoted as (see [8] ):
As it is known [25] , the resulting force exerted on the surfaces of a confining slit by polymer is equal to the resulting depletion force with the opposite sign:
Let us consider at the beginning the case of phantom ideal ring polymer under Θ-solvent condition trapped in the slit geometry of two parallel repulsive walls. Taking into account that in the case of wide slit region we have y 1 for the scaling function of the depletion force Γ R we obtain:
The asymptotic solution for the depletion force in the narrow slit region, where y 1, simply becomes: Γ R,id DD, narr ≈ − 1. The obtained results for the depletion force Γ R,id DD are presented in figure 1 (a) by blue lines with triangles for a wide slit region and by green lines with triangles for a narrow slit region, respectively.
It should be mentioned that the quantity Γ is normalized to the overall polymer density n p . Thus, the above result simply indicates that the force is entirely induced by free chains surrounding the slit, or, in other words, by the full bulk osmotic pressure from the outside of the slit. We can state that in the case of very narrow slit with two repulsive walls, the ring polymers would pay a very high entropy to stay in the slit or even enter it. As the next step, let us consider the dilute solution of ring polymers with EVI in a good solvent immersed in a slit geometry of two parallel repulsive walls. As it is known [22, 23] , in a good solvent the effects of the EVI between monomers play a crucial role so that the polymer 43602-3 c. reduces to an additive renormalization as it took place in the case of semi-infinite geometry [20] and slit geometry (see [8] ). The correspondent expression for the scaling function of the depletion force between two repulsive walls in the case of wide slit region y 1 is:
where D = figure 1 (a) by the red line with circles in a wide slit region and by the black line with open circles in a narrow slit region, respectively. As it is easy to see from figure 1 (a), the obtained results for the scaling function for the depletion force in the case of ring polymer immersed between two repulsive walls are characterized by a completely different behaviour compared to the case of linear polymer (see [8] ). The phantom ring polymer, due to the complexity of chain topology and for entropical reasons, tends to escape from the space between two repulsive walls and it leads to the attractive depletion force between the confining walls. Besides, we observe [see figure 1 (a) ] that the absolute value of the scaling function for the depletion force for phantom ring polymers in the wide slit region is smaller than for linear polymer chains (see [8] ) and decreases as the width of the slit increases. In figure 1 (b) polymer and ring polymer with EVI in a good solvent immersed between colloidal particle and wall as well as between two colloidal particles.
